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Introduction
2024 Al-Cu-Mg aluminium alloy has been widely utilized in aircraft and vehicles industries due to its excellent structural properties [1] . However, 2024 aluminium alloy in certain aging states are vulnerable to exfoliation corrosion, which would greatly reduce its mechanical properties and shorten the integrated service life [2, 3] . The effect of aging treatment on the exfoliation corrosion behaviour of high strength aluminium alloy has been reported by many researchers [4] [5] [6] [7] [8] . continuous distribution at the grain boundary may lead to intergranular corrosion (IGC) in 7××× aluminium alloy, and the IGC is believed as the primary state of exfoliation corrosion. Lu et al. [10] studied the effect of microstructure on exfoliation corrosion resistance in an Al-Zn-Mg alloy, and they found that high coverage ratio of phases on high-angle grain boundaries reduced the exfoliation corrosion resistance. All that reports suggested that a full understanding of the effect of aging treatment on the microstructure especially the precipitated phase of aluminium alloy is helpful to obtain the further knowledge of exfoliation corrosion behaviour. However, in those researches, the microstructure of alloys was usually obtained through longitudinal and cross-section examination, which is insufficient in giving the comprehensive information, especially the 3D dimensions, quantities and distribution of precipitated phases.
In addition, the production of the commercial 2024 sometimes requires an extrusion process. The peripheral coarse grain (PCG) structure caused by recrystallization during the extrusion process could appear on the surface of extruded material. This type of PCG structure has coarser grains compared with inner structure, and make the alloy more susceptive to exfoliation behaviour [11] [12] [13] [14] . In our previous study, it has been found that the PCG structure was firstly peeled off from the main body of the extruded 2024-T4 alloy during the accelerate exfoliation corrosion test [15] . The wedge effect caused by corrosion products accumulation in the corrosion crack, especially at the boundary of PCG structure and inner fine grain structure has been recognized as the main peeling mechanism of PCG, which is consistent with many other reports [16] . However, the accumulation of the corrosion products was not effectively obtained due to the lack of appropriate technique.
Recently, synchrotron radiation X-ray computed tomography (SR-CT) has emerged as an advanced technique which allows direct 3D and non-destructive observation of nontransparent metal [17] . Stannard et al. [18] obtained the changes of corrosion products and intermetallic compounds in the alloy during fatigue testing by SR-CT. Ludwig et al. [19] visualized the three-dimensional shape of crystallographic grains containing a short fatigue crack in a cast Al alloy. There are many such reports about the studies of corrosion and the evolution of cracks using SR-CT [20] [21] [22] [23] [24] [25] [26] . Based on the superiority and mature applications, SR-CT is well suited to gain further knowledge on the precipitated phases in aluminium, and it provides an effective method to obtain the accumulation process of corrosion products. In this work, the exfoliation corrosion test, together with SR-CT scan were performed on rolled 2024-T4 aluminium alloys for a more comprehensive understanding of exfoliation corrosion behaviour. The effect of microstructures and electrochemical properties on IGC and exfoliation corrosion sensitivity of different aging states rolled 2024-T4 alloy were well discussed. In addition to this, the exfoliation corrosion behaviour occurred in extruded 2024-T3 aluminium alloy with PCG structure was also analysed by tracking the 3D morphological evolution of the corrosion products. This work may help us to further understand the mechanism of exfoliation corrosion behaviour in 2024 aluminium alloy more intuitively.
2.
Materials and methods
Materials
The raw materials used in this experiment are extruded 2024-T3 and rolled 2024-T4, and the extruded 2024-T3 comes with peripheral coarse grain (PCG) structure. The chemical element compositions of raw materials are shown in Table 1 . Samples for the following tests were obtained by wire electrical discharge machining. For extruded 2024-T3, the samples were cut from the bottom of raw material, as shown in Fig. 1 . For the samples from both extruded 2024-T3 and rolled 2024-T4, the through-thickness direction, the transverse direction and the longitudinal direction (i.e., the extrusion direction or rolling direction) were labelled as S, T and L, respectively. Raw materials and the schematic diagram of the samples are shown in Fig. 1 .
Aging treatment
In this work, in order to obtain the different microstructures of alloy which is greatly associated to the mechanical property of material, we conducted different heat treatments on the 2024-T4 aluminium alloy [27] , as shown in Table 2 . First, the alloy was heated to 495 • C for 1 h and then quenched in water at room temperature to obtain the solution-state microstructure. The aging temperature of both peak-aged and over-aged treatment is 180 • C, corresponding aging time is 3 h and 49 h, respectively. In this work, the aging time was determined according to the aging time-hardness curve of material ( Fig. 2 ). Optical micrographs were taken using a metalloscope (Carl Zeiss Axio Scope A1) in the three directions for all the three aging states samples. The samples were prepared by the standard metallographic procedure and etched using Keller's reagent (95 ml water, 2.5 ml HNO 3 , 1.5 ml HCl and 1 ml HF). After that, scanning electronic microscopy (SEM) in back scattered electron imaging mode (by FEI Quanta FEG 250) and energy disperse spectroscopy (EDS) (by INCA Energy X-MAX-50) analyses were carried out to reveal the microstructure and elemental composition distribution of materials.
Electrochemical test
Potentialdynamic scan were performed on the sample using an electrochemical workstation (GAMRY Reference 600) with the scanning rate of 0.1 mV/s in 1 M NaCl solution. The 2024 sample was selected as the working electrode, and modified acrylate was applied to seal the other sides of samples except for the testing surface. Saturated calomel electrode (SCE) and graphite electrode were selected as reference electrode and counter electrode, respectively. 
Exfoliation corrosion test
The method of exfoliation corrosion test in this study refers to that used in our previous research [15] . In this test method, a simulated atmospheric corrosion environment was obtained by a sealed beaker containing saturated KNO 3 solution at 40 • C in which exfoliation corrosion could occurred rapidly. It should be noted that before the samples were exposed in the simulated corrosion environment, a galvanostatic polarization pretreatment in 1 M NaCl solution was conducted to initiate the occurrence of intergranular corrosion (IGC) on the two types of 2024 aluminium alloys. In this work, an electrochemical workstation (GAMRY reference 600) was used to provide the constant current. The current density was 0.4 mA·cm −2 and 0.6 mA·cm -2 for the polarization pretreatment of 2024-T4 and 2024-T3 samples, respectively, and the polarization time is 32 h. During exfoliation test, the specimens were periodically taken out from the beaker and immersed in 3.5% NaCl solutions for 15 min every 24 h to simulate the formation of electrolyte film on the aluminium alloy surface in real atmospheric environment. The macroscopic corrosion morphology was also recorded, and the average exfoliation corrosion depth D was measured by Eq. (1) and Eq. (2), where D i , D 0 , L i and S i are the average exfoliation corrosion depth, the original thickness, the side length and the uncorroded area of the sample.
D is the average of the four sections, as shown in Fig. 3 .
SR-CT scan
The X-ray tomography experiment was performed on BL13W1 beamline in Shanghai Synchrotron Radiation Facility (SSRF). A series of projections were obtained by rotating the 2024 alloy samples from 0 • to 180 • , then projections were converted to a series of grayscale slices (PITRE, Image J). The specific experimental parameters of SR-CT scan for two types of 2024 alloys are shown in Table 3 . In 2024 alloys, the precipitated phases containing Cu element have a higher absorption coefficient than Al matrix, which lead to the higher grayscale in the resulting slices. For the same reason, the cracks and pores have the lower grayscale. Based on this principle, 3D volume rendering and segmentation of precipitated phases and cracks were obtained (Avizo 8). Fig. 4 shows the process of SR-CT data acquisition and 3D reconstruction.
Results and discussions

Effect of aging treatment on the exfoliation corrosion of rolled 2024-T4 aluminium alloy
Microstructure
The OM images, SEM images and EDS mapping results of rolled 2024-T4 in solution treated state, peak-aged state and overaged state are shown in Fig. 5 . Due to the rolling treatment, the grains of alloy were elongated, which causes that the metallographic structure of rolled 2024-T4 varied with observation directions according to OM images. The grains are slender and flat in the L-S and S-T section, while the grains are more uniform ellipses in the L-T section. In addition, the differences of grain size and grain shape among the different aging states compared with those in the initial state sample are slight. As shown in SEM images, the precipitated phases have different contrast in grayscale compared with the aluminium alloy matrix, and the distribution of precipitated phase at the grain boundary also varied with aging states. The precipitated phases of peak-aged 2024-T4 alloy were continuously distributed at most grain boundaries, while in the solution treated samples the precipitated phases were continuously distributed in some local regions of grain boundaries. In the over-aged 2024-T4 alloy, the precipitated phases were relatively bigger in size, and most of them were spaced. EDS results shows the element mapping of 2024-T4 alloy in different aging states, revealing the precipitated phases were rich in Cu and Fe elements, and the amount increased with the aging treatment time. SR-CT scan was also performed on rolled 2024-T4 alloy in different aging states. The precipitated phases were segmented from the aluminium alloy matrix in a box with the size of 130 m × 130 m × 130 m, and the 3D distribution and size distribution were both obtained as shown in Fig. 6 . The size of the precipitated phases in the solution treated state is very small, the precipitated phases with the volume below 100 m 3 accounts for more than 80% of the total. For the sample in peak-aged state, there are more and bigger precipitated phases compared with that in the solution treated state. The size of the precipitated phases in the over-aged state is mainly below 300 m 3 , and the volume fraction reaches more than 90%. Taking above findings into account, it is clearly seen that the size and the number of precipitated phases increases with the aging treatment time.
Electrochemical properties
The potentiodynamic polarization curves of rolled 2024-T4 alloy with different aging states in 1 M NaCl solution are shown in Fig. 7 . Values of free corrosion potential (E corr ) and corrosion current density (i corr ) determined through Tafel extrapolation fitting are shown in Table 4 . The peak-aged sample has the most negative E corr and the largest i corr. This suggests that the peak-aged sample is more vulnerable to corrosion. The overaged sample has the most positive E corr and the smallest i corr , which means that it has the lowest corrosion sensitivity. The solution treated sample has the moderate E corr , i corr and corrosion sensitivity. This phenomenon is closely related to the IGC and exfoliation corrosion sensitivity which would be discussed later. 
IGC sensitivity
A 32 -h galvanostatic polarization pretreatment was performed on the rolled 2024-T4 alloy in different aging states by a current density of 0.4 mA·cm −2 . The cross-section and 3D morphology ( Fig. 8) were obtained through metalloscope and SR-CT scan, respectively. Obvious IGC cracks were found in the alloys in the solution treated state and the peak-aged state, but not in the over-aged sample. Interestingly, it is found that the IGC cracks in samples in the solution treated state penetrate the deep of the electrochemically pretreated surface, while those cracks in the peak-aged sample are shallower. The 3D structure of IGC cracks together with the pores were segmented out. It is found that IGC cracks in the solution treated, peak-aged and over-aged samples are lamellae, connected fine strips and disperse corrosion pits, respectively. This difference of corrosion crack morphology may lead to the difference of exfoliation corrosion sensitivity.
Exfoliation sensitivity
After polarization pretreatment, the rolled 2024-T4 alloy samples were exposed in the simulated atmospheric corrosion environment (40 • C, 89% RH) for 51 days, and the macroscopic corrosion morphology and average exfoliation corrosion depth are shown in Fig. 9 . The exfoliation corrosion cracks firstly appeared in the peak-aged sample after 5-day exposure, then the similar cracks also appeared in the solution treated sample after exposed for 11 days. The exfoliation corrosion of these samples became more and more severe with increasing exposure time. However, no crack was found in the overaged sample during the whole exposure test. The average exfoliation corrosion depth as a function of time is basically consistent with the macroscopic corrosion morphology in a more convincing way. It suggests that the peak-aged sample has the highest exfoliation corrosion sensitivity, followed by the solution treated sample, and the over-aged sample.
Relationship between aging treatment and exfoliation corrosion sensitivity
The precipitated phases in 2024 aluminium alloy (i.e., S phase (Al 2 CuMg) and phase (Al 2 Cu)) usually has a more negative corrosion potential than the aluminium alloy matrix [28] . The electrolyte film on the surface of aluminium alloys promoted corrosion of these precipitated phases preferentially, and the dealloying behaviour of these precipitated phases such as S phase is commonly observed in aluminium alloys [29] . More importantly, the remnant of the dealloyed S phase (i.e., Cu-rich remnant) could provide the driving force for the preferential dissolution of the alloy matrix due to their different potentials with respect to the matrix [30] . Some researches [31] [32] [33] [34] have found that the dimension, density and distribution of aging precipitates (such as S phase) together determined the overall corrosion resistance of Al alloys. In this study, we believed that the main determinant of the exfoliation corrosion is the distribution of aging precipitates combined mentioned above. The precipitated phases in the solution treated and peakaged samples were distributed continuously at local region or the grain boundaries ( Fig. 5 ), it would lead to high IGC sen- sitivity, and IGC cracks would appear after the polarization pretreatment (Fig. 8) . The wedge force due to the corrosion products accumulation in these cracks would account for the exfoliation corrosion behaviour, therefore the sensitivity of exfoliation corrosion was significantly influenced by the morphology of cracks in 2024 aluminium alloy after pretreatment. The larger the number and the size of corrosion cracks, the faster the accumulation rate of corrosion products, the greater the wedge force generated, and the higher the exfoliation corrosion sensitivity of the samples. The coarsen precipitates in over-aged sample enlarged the potential difference with aluminium matrix, it would decrease the corrosion resistance to some extent [31] . However, if the precipitates were spaced and not continuously distributed at the grain boundary ( Fig. 5) , which would lead to a low IGC sensitivity since continuous corrosion cracks would not appear (Fig. 8 ). That is why the peak-aged sample has the highest exfoliation corrosion sensitivity, followed by the solution treated sample, and the over-aged sample (Fig. 8 ). Fig. 10a . shows the OM images of extruded 2024-T3 sample, PCG structure with a thickness of around 500 m was found, and it has the coarser grains compared with the inner area. Below the PCG structure, the fine grains are elongated along the direction of the extrusion. As shown in Fig. 10b , precipitated phases were found at the grain boundary which suggests to be phase (Al 2 Cu) and Fe-Mn-Cu-Si-Al intermetallic compound according to the results of SEM image and EDS analyses. This is consistent with the previously reported results [35] .
Effect of PCG structure on the exfoliation corrosion of extruded 2024-T3 aluminium alloy
Microstructure
Electrochemical properties
The time-dependent open circuit potential (OCP) and potentialdynamic polarization curve of PCG structure and fine elongated grains structure were measured separately in 1 M NaCl solution (Fig. 11 ). For both structures, OCP tends to be stable with increasing time (Fig. 11a ). However, it should be noted that the OCP of coarse grain structure is more negative compared with fine elongated grains. The discrepancy could lead to the accelerated corrosion rate of less noble part (i.e., coarse grain structure in this work) due to the effect of galvanic coupling [36] . As shown in Fig. 11b , two different structures also exhibit different potentialdynamic polarization curves. The corresponding characteristic parameters including E corr and i corr are shown in Table 5 . The E corr of PCG structure was more negative compared with that of fine elongated grains structure, and the i corr of PCG structure was bigger than that of fine elongated grain structure, which indicates the corrosion rate of PCG structure could be much higher under the same environment.
Process of exfoliation corrosion
A 32 -h constant-current electrochemical pretreatment were performed on the extruded 2024-T3 samples by the current density of 0.6 mA·cm −2 , then the samples were exposed in the exfoliation corrosion test environment. The macroscopic morphology was recorded to reveal the exfoliation corrosion process of 2024 sample up to 47 days as shown in Fig. 12 . After 10 days exposure, some cracks were found to extend along the direction of the extrusion, and a severe exfoliation corrosion morphology finally appeared with the increase of exposure time. It is noteworthy that the inner fine elongated grains structure was slightly corroded compared with the outer PCG structure, and the longest crack was located at the boundary between these two structures. SR-CT scan was performed on the same 2024-T3 sample after exposed for 24 h, 33.5 h and 44 days, separately. The results slices were obtained (Fig. 13a) , which would reveal the exfoliation corrosion process in detail. It is very clearly seen that all the cracks initiated from the electrochemically pretreated surface and then extended into the matrix. In addition, the cracks which initiated at the junction between the coarse grain structure and fine elongated grain structure developed more rapidly compared with the other cracks which initiated elsewhere such as inside these two structures. At the same time, the cracks were also filled with corrosion products, which would lead to the wedge force due to the volume swelling after the alloy corroded. Fig. 13(b), Fig. 13(c) and Fig. 13(d) show the segmentation of corrosion products, which shows the corrosion products accumulation process more intuitively. The corrosion products in fine elongated grains with a cone shape did not develop very deep, however, those between the junction of these two structures were found to have bigger volume.
This phenomenon is largely due to the difference in electrochemical properties of these two adjacent structures. The OCP discrepancy between these two structures is about 60 mV, which means that the two structures were easily coupled, leading to the macro-galvanic corrosion. In this condition, the PCG structure would behave as anode due to the more negative E corr , and the corrosion products would accumulate rapidly in the cracks at the interface of the two structures, then the PCG structure would peel off preferentially due to the large wedge force. Meanwhile, the underneath elongated grains structure was protected from corrosion as cathode. 
Conclusions
The effect of aging treatment and peripheral coarse grain on the exfoliation corrosion behaviour of two 2024 aluminium alloys were investigated through a series of tests. The most important outcomes of this work can be drawn:
• The SR-CT scan achieved the 3D segmentation of precipitated phases, corrosion cracks and corrosion products, which is the helpful to understand the exfoliation corrosion behaviour with more intuitive details.
• For 2024-T4, the IGC and exfoliation corrosion sensitivity from high to low is in the order of peak-aged state, solution treated state and over-aged state. Aging treatment has a significant effect on the distribution of the precipitated phase, which determines the sensitivity of IGC. The continuously distributed precipitated phases along the grain boundary would contribute to IGC, and the spaced precipitated phases would hinder IGC. The wedge effect resulted from the increased volume of corrosion products in IGC cracks was the main reason of exfoliation corrosion. The larger the number and size of corrosion cracks, the higher the exfoliation corrosion sensitivity of the samples.
• For 2024-T3, the outer PCG structure and inner fine elongated grains structure were easily coupled leading to the macro-galvanic corrosion, then corrosion products were accumulated at the interface of the two structures compared with the other region. The swelling volume of corrosion products results in the wedge force and causes the exfoliation of alloy. The inner fine elongated grains acting as cathode were protected from corrosion.
